A numerical method developed by Versteeg et al. (1989 , Chem. Engng Sci. 44,2295-2310 1990, Chem. Engng Sci. 45, in press) is applied to some specific problems in gas-liquid mass transfer. The experimental results of Chakraborty et al. (1986 , C/tern. Engng Sci. 41.997-1003 and Zioudas and Dadach (1986, Chem. Engng Sci. 41,405408) on the absorption of CO, into aqueous solutions of sterically hindered amines are evaluated with the numerical model. It is shown that studying the ahsorption nf CO, into aqueous solutions of sterically hindered amines requires a rigorous numerical solution of the differential equations describing the mass transfer instead of analytical and numerical approximations based on a reduction of the number of reactions by neglecting or lumping reactions. It is demonstrated that the absorption rates of CO, into sterically hindered amine solutions can be explained in terms of the established reactions of CO, in amine solutions alone, and no new reaction paths are necessary to explain the observed behaviour.
INTRODUCTION
Many processes involve mass transfer between gas and liquid phases. In some of these processes chemical reactions occur and these may enhance the mass transfer. The description of the phenomenon of mass transfer accompanied by one irreversible reaction has been studied extensively both theoretically and experimentally.
Many phenomena observed are very well understood and the results can be found in any book on gas absorption (Astarita, 1967; Danckwerts, 1970) or textbook on chemical reaction engineering (Westerterp et al., 1984) . For reversible reactions only a limited number of cases have been studied. Some of the resulting models have been solved analytically and, for a few, analytical approximations were used. Other models were solved numerically.
A review of the available solutions has been given by Versteeg ef al. (1989) . For multiple parallel reactions also some asymptotic models have been solved. In these models only irreversible reactions are considered. Jhaveri (1969) studied the absorption of one gas into a liquid containing two reactants. Analytical solutions for three asymptotic situations were presented: one for two pseudo-first-order reactions, both occurring in the fast reaction regime, a second for two instantaneous second-order reactions and the last for one instantaneous second-order and one fast pseudo-first-order reaction. Additionally he derived an approximate general solution for second-order reactions. Alper (1972) later showed that this last solution was not correct and presented a more general solution (Alper, 1973) their experiments on the absorption of CO2 into amine solutions and amine-promoted carbonate solutions, respectively, in terms of a mechanism that was later referred to as the "shuttle mechanism". In this mechanism one reaction is considered to be slow compared to mass transfer, and occurring essentially only in the liquid bulk. The other reaction is considered to be very fast with respect to mass transfer, occurring only very near the interface, while the converted fast reacting component is regenerated in the liquid bulk by the reverse reaction. The slow reaction serves as the final chemical sink for CO,.
The overall absorption rate is higher than the absorption rate into a liquid containing only one of the two components in the same concentration. The mechanism will be discussed in more detail by Bosch et al. (1989a) .
If the spent fast reacting component is not regenerated in the liquid bulk but instantaneously, without intermediate transportation, the mechanism is that of homogeneous catalysis. This homogeneous catalysis mechanism was originally proposed by Roughton and Booth (193X), and was based on the promotion of mass transfer of CO, in carbonate solutions by inorganic promotors such as the arsenite ion. Recently this 2723 mechanism was assumed to hold for the absorption of taken into account. For absorption of CO, into basic CO, into amine-promoted carbonate solutions by aqueous solutions several reactions occur. Astarita et al. (1981) . They considered the reactions of The first reaction to be considered is the hydration carbonate to be catalyzed by the amine. of co,: Astarita et al. (1981) pointed out that both mechanisms (shuttle mechanism and homogeneous catalysis) are extreme cases of the same process (absorption of a gas accompanied by two parallel reactions) and that the reaction rates determine which of the two is more realistic.
In most practically important situations neither of the two mechanisms is sufficiently accurate to describe this absorption process.
CO,+H,O e HCO; +H+. (2)
This reaction is very slow (Pinsent et al., 1956) and may usually be neglected compared to the second reaction:
Application
of the numerically solved model presented by Versteeg et al. (1989) makes such an extreme case assumption about the mechanism unnecessary, and in the present contribution it is used to describe three specific problems presently under discussion in the literature.
CO,+OH-F~HCO;.
(
This reaction is fast and can enhance mass transfer even when the concentration of hydroxyl ion is low. As it gives the same products as reaction (2) followed by equilibration of the water dissociation reaction it is often referred to as the hydration of CO*. The forward reaction can be described by (Pinsent et al., 1956) 
In carbonate solutions this reaction is assumed to be the only one important for the enhancement of mass transfer.
If the concentration of hydroxyl ion is considered to be constant in the mass transfer film (i.e. no depletion of OH-at the interface) and the reaction is considered to be irreversible, the pseudo-first-order solution of mass transfer with chemical reaction is obtained upon integration of eq. (l), which now consists of only one differential equation In the present work mainly the film model will be used because it takes less computational time. In the film model mass transfer is assumed to take place by molecular diffusion through a stagnant liquid layer of thickness 6. If chemical reactions occur in this layer the differential equations describing the mass transfer process become for each species n with r,,, being the net volumetric production rate of component n due to reaction m. All reactions in which component n takes part should be where E is the enhancement factor which is defined as the ratio of the absorption rates with and without chemical reaction. The dimensionless Hatta number, Ha, is defined as the ratio of the maximum amount of transferred component consumed in the mass transfer film and the maximum amount transferred if no chemical reaction occurs and at bulk concentration zero. In this case k, is equal to the product of k,, and [OH -]_ If the hydration reaction is considered to be irreversible and instantaneous with respect to mass transfer CO2 and OH-cannot coexist, and therefore a reaction plane is formed at some distance from the interface. Now the diffusion of the reactants of the overall reaction (8) to this plane determines the mass transfer rate: CO,+CO:-+H,O+2HCO;.
The solution of the model is Primary and secondary amines also react with CO,. The mechanism of these reactions is well understood and was originally presented by Caplow (1968) Tertiary amines cannot react directly with CO, like primary and secondary amines because they lack the proton needed in the deprotonation step (11). Despite this, it is observed that aqueous solutions of tertiary amines show considerable reactivity towards CO, Experimental results (Versteeg and van Swaaij, 1988b) indicate that water is essential for this reaction, proceeding according to COI+NR3+H20~NR,H++HCO;.
The forward reaction rate can be described by
Versteeg and van Swaaij (1988b) showed that at 293 K this reaction rate constant is determined by the basicity of the amine and can be calculated according to
In k2 =pK, -14.24.
The mechanism of the reaction is not quite clear. Generally it is assumed that it is a kind of aminecatalyzed hydration of CO, (Donaldson and Nguyen, 1980). The reactions of amines in amine solutions are usually much faster than the hydration of [CO, reaction (3)]. They can enhance mass transfer and in the analysis of absorption processes the influence of CO, hydration is often neglected. This is not always correct and, as will be demonstrated, it can lead to invalid conclusions. Therefore in studying the absorption of CO, into mixtures of amines or of amines and carbonate all the reactions mentioned above and their simultaneous influence on mass transfer should be taken into account. Because no analytical solutions to such mass transfer models can be obtained numerical methods of solution have to be applied. In the present work the film model was used to describe the mass transfer process in order to minimize the required computa- 
The reactions involving only the transfer of a proton [equations (18H20)] are regarded to be instantaneous with respect to mass transfer, and are therefore considered to be at equilibrium everywhere: K =CNR,HlCH,O+I P CNR,H; 1 (21)
In this reaction model eq. (14) seems to imply that all zwitterions are deprotonated by the amine. For the overall effect of this reaction this assumption has no importance because all acid-base pairs are at equilibrium throughout the liquid. In many cases reaction (10) is the rate-limiting step in the reaction of CO, with the amine. If the reaction rate of this step is not available it can be estimated with correlation (13). of 100 mol me3 were used. The results were presented graphically as the total amount of gas absorbed vs time and correlated to the partial pressure of CO, and the amine concentration by a power law relation. The differences in behaviour between the two amines were attributed to the steric hindrance in AMP, but no quantitative explanation was given.
SIMULATION

OF THE EXPERIMENTS BY
CHAKRABORTY ETRL. (1986)
Data
Since some of the experimental conditions were not published by the authors, only a limited number of simulations were carried out to see whether the magnitude of the absorption rates observed could be explained. The data used in the simulations are listed in Table 1 . The total amine concentration was assumed to be the same as for their equilibrium experiments. A CO, partial pressure of 10 kPa was considered. The absorption process was simulated only at a liquid loading of a =0.05. The value of k, selected is common for stirred cells (Charpentier, 1982) .
The value of m is the same as for an MEA solution of the same concentration.
For K, the value given by
Chakraborty et nl. (1986) (3.16 x lop6 molm-3) was not used because it seems to be much too high. For other alkanolamines the ratio between the values of K, at 315 and 298 K is about 2.5. Applying this ratio to the value at 298 K for AMP reported by three different authors (Perrin, 1965) results in a value of 5.1 x lo-' molm-3 for K,. For K, a value of 10e5 m3 mol-', which is 10 times as low as the upper bound given by the authors, was used. The reason for this will be discussed in Section 5.3. For the reaction of CO, with AMP the first step in the zwitterion mechanism (10) was assumed to be rate-limiting. This assumption Detailed information about the method of weighing can be found in Bosch (1989) .
In a stirred cell the penetration model is believed to be more realistic (Versteeg et al., 1987) . Because differences are relatively small and in order to minimize the computational time required for the solution, the film model was used in the simulations.
Nevertheless to approximate the most important aspect of penetration model solutions the diffusivities of species other than CO, were corrected with a square root proportionality [see Bosch (1989) ]. For asymptotic cases this approximation is in agreement with the exact solutions of the models. The validity of the approximation was checked against numerical solutions for asymptotic cases. Also the numerical solutions for the penetration model and the corrected film model for an absorption process much like the present one were compared. The corrected film model gave solutions closer to the penetration model than the uncorrected one.
Results
The parameters chosen resulted in a calculated enhancement factor of 54. From the concentration profiles in Figs 1 and 2 
it can be concluded that no simple model can explain the observed behaviour.
A large fraction of the enhancement is caused by transportation of CO, in the form of carbamate (Fig. 2) .
Because the carbamate reverts back to bicarbonate in the liquid bulk, this effect resembles a shuttle mechanism. Due to the production of OH -ions by the amine protonation reaction and the formation of CO, by the reversion of reaction (14) the influence of the hydration reaction is increased in comparison
to absorption in water. This is a second contribution to the enhancement.
Discussion
From the value of k, calculated by Chakraborty et al. (1986) from their results (see Section 4.2) it can be concluded that Ha and therefore the enhancement factor would be about 50 for the conditions of the simulations. This is almost equal to the numerical result.
If the reaction of CO* and AMP was pseudo-firstorder and irreversible the enhancement factor would be over 400 for the present conditions. This clearly indicates that simple models have a very limited value for the interpretation of absorption rate data in the case of complicated reaction schemes. From the results in 1, 3 and 4) affects the results only slightly. This indicates that the reaction is at equilibrium everywhere. This conclusion can be confirmed from the calculated concentration profiles (Figs 1 and  2) . The present results therefore do not corroborate the validity of eq. (13) for AMP.
Both K, and K, showed an influence on the enhancement factor (nos I, 5 and 6), though much less than proportional.
The value of lops for K, was chosen because the flux was expected to depend upon Fig. 1 for low as would be expected is larger, but even with the very high value found by from the mechanism proposed by Chakraborty et al. 
SIMULATION
OF THE EXPERIMENTS BY ZIOUDAS AND
Data
DADACH (1986)
The data used for the simulation of the experiments with the numerical film model on the absorption of CO, in MEA and AMP by Zioudas and Dadach are listed in Table 3 . Because of the low concentrations used by Zioudas and Dadach the value of the physical constants for water were used. In the calculations the carbamate stability constant and the forward reaction rate constant for the reaction of CO, and AMP were taken to be very small, simulating no formation of carbamate at all, and therefore the results would give a minimum value for the absorption rate. This is allowed here because of the low value of the amine concentration compared with the experiments of Chakraborty et al. (1986) (see Section 5.1). Numerical results calculated using higher carbamate stabilities and reaction rate constants do not differ very much from the ones presented here.
The values used for k, were derived in the followmg way. The diffusion of the amine to the gas-liquid interface is expected to be the rate-limiting step for most of the experiments. For MEA the exponents in the power law fit of the results of Zioudas and Dadach (1986) (Q= P:63pc&zi ) indicate this kind of behaviour. Also the magnitude of the absorption rate is about 100 times lower than would be expected on the basis of a pseudo-first-order reaction with the rate constant k, of Table 3 . So in this extreme case the absorption rate is completely diffusion-controlled. This case of a reacting gas diffusing into a stagnant liquid was analyzed by Danckwerts (1950). The absorption rate can be described by Q-a&.
This would mean that no constant absorption rates could be obtained, which is in contradiction with the experimental results. Therefore the liquid cannot be considered completely stagnant during the experiments and some convection must have occurred, presumably Rayleigh convection, caused by density gradients. Because it is possible to calculate absorption rates for a given mass transfer coefficient for the experiments with MEA, the actual mass transfer coefficients can be estimated. It was found that the mass transfer coefficient increased with increasing MEA concentration and carbon dioxide partial pressure. This can be explained with the proposed cause of the non-stagnancy, because at higher concentrations the density gradients will be larger. Similar to turbulent free convection in heat transfer (Rohsenow et al., 1985) a relation of the form Sh=a(Sc Gr)0-33 (25) is used to correlate the mass transfer coefficients for MEA. The Grasshoff number is proportional to the difference between the density at the interface and the density of the liquid bulk. This difference was assumed to be proportional to the total concentration of the absorbed component at the interface multiplied by its molecular weight. The results of Zioudas and Dadach were fitted to this relation, leading to k,=3.85 x 10-6(~A,iMA)o.33 rns-'.
(26)
The interfacial concentrations of carbamate and bicarbonate needed in this equation were obtained by trial and error.
The diffusivities were estimated the same way as in Section 5.1.
In Fig. 3 the results of Zioudas and Dadach are plotted together,with the results of the present numerical simulation for MEA. The fit is good, in fact even better than that of the power law relation given by the authors. In Fig 4 the concentration profiles calculated are plotted. It can be concluded that the reaction can be considered to be instantaneous and irreversible. The analytical solution for this situation should give rather good results. In Table 4 the numerical and analytical enhancement factors are compared with the experimental. The agreement is excellent.
At low partial pressures the simulation overestimates the observed mass transfer rate. This is probably due to the fact that the driving force for Rayleigh convection in this case is not high enough for the characteristic roll cells to develop. Also at these conditions the experiments show a behaviour (convexly curved lines in the Q vs t plot) that comes closer to the one expected for absorption into a truly stagnant liquid. The contact time according to the Higbie penetration model is of the same order of magnitude as the experimental times and therefore the film model is very unrealistic for this case.
The same method was used to simulate the H,S absorption experiments conducted by Zioudas and Dadach and a satisfactory agreement with the experimental results was found.
Results for the sterically hindered amine AMP
The results of the simulations can be seen in Fig. 5 together with the experimental results by Zioudas and Dadach for AMP solutions. The concentration profiles are plotted in Fig. 6 . The situation is much more complicated than for absorption in MEA solutions. Again the absorption rate at low partial pressures is overestimated. For higher partial pressures the agreement is good, except for the highest concentration of amine. The influence of the AMP concentration above 200 mol m -' seems to decrease very drastically in the experiments.
Discussion
Although the reaction rate constant of AMP according to relation (13) was expected to be about as high as that for MEA the absorption rate for AMP is much lower in the fast reaction regime (low CO, partial pressures). This is caused by the low carbamate concentration due to the low value of the carbamate stability constant. So at low CO, partial pressures, contrary to the experiments of Chakraborty where much higher amine concentrations were used, little enhancement due to this reaction occurs. However, the hydration of CO, is fast compared to mass transfer and the molar flux through the interface can be described by
= [CO&/e (27)
under the assumptions of a pseudo-first-order reaction and equilibrium of the acid-base reactions in the bulk of the liquid. This yields J = 5.92 x lo-' [C02]i[AMP]i/4 = 6.29 x lop3 molm-* s-l for Pcoz= 100 kPa and [AMP}, = 100 mol rn-'. This is about 10 times as high as the observed values. Only for the lowest partial pressures this relation gives reasonable results, so obviously, similarly to MEA, there must be depletion of AMP, as is also indicated by the concentration profiles in Fig. 6. Knowing this, the experimental results can be explained qualitatively in the following way. At high partial pressures the supply of AMP from the bulk (to neutralize the excess protons) becomes rate-limiting. Only one molecule of AMP is needed per molecule of C02, which means that the absorption rate for AMP could in principle become about twice as high as that rate for the AMP solution is not completely controlled for MEA. The experimental absorption rates in AMP by AMP diffusion. This can be seen in Fig. 6 where no solutions at higher partial pressures are in fact similar reaction plain can be identified. If absorption is comto those for MEA solutions, because the absorption pletely controlled by diffusion all reactions must also be at equilibrium. This can be checked by equilibrium eq. (28). At the interface the left-hand side of this equation is actually about 8, clearly showing a large deviation from equilibrium:
CHCO; 1 CAMPH+ I_ KwK, _ 22,5. CC% 1 CAMP1 KD (28)
Conclusions
From the simulations it can be concluded that no catalytic effects and not even formation of carbamate are necessary to account for the mass transfer rates observed by Zioudas and Dadach (1986). The hydration of CO, in the presence of AMP, which provides the OH-ions needed for reaction with CO1, alone is able to account for the observed behaviour.
CONCLUSIONS
In the literature sterically hindered amines are treated as a special class of amines. They show a specific thermodynamical behaviour, and absorption of CO, into aqueous solutions is treated in a special way, using the model of homogeneous catalysis of the hydration of CO,. In this contribution it was demonstrated that if the effects of well-established reactions are carefully examined no new reaction paths are necessary to explain the observed absorption behaviour of AMP solutions for the available experiments.
For an ultimate decision about what reactions really occur more detailed information than is now available is needed. CO2 absorption into AMP solutions is presently experimentally studied at our department and will be reported on in the future (Bosch et al., 1989~) .
